The high resolution laser induced fluorescence spectra of the A 2 Σ + − X 2 Π 3/2 electronic transition of the R·SH/D (R= Kr, Ar, Ne) van der Waals (vdW) complexes are reported. Analysis of these bands requires the inclusion of rotation, fine and hyperfine structure, spin-rotation interactions, and parity splittings. A number of molecular parameters are determined, along with internuclear bond distances between the R and the SH moiety. Comparison of the present results for R·SH/D is made with the analogous R·OH/D species where applicable. In addition, the detailed "rotational" structure and the highly precise determinations of the band origins of the different heavy atom isotopomers are critical for absolute vibrational quantum number assignment in the A state.
momentum pose an additional complexity for the analysis of spectra and the development of adequate theoretical models. However these open shell vdW molecules offer the opportunity to gain a greater understanding and insight into the structure and dynamics of these systems because of the availability of many more interactions not seen with closed shell systems.
This has lead to a great deal of interest in rare gas open shell van der Waals molecules both theoretically and experimentally. This interest has contributed to a very large body of work concentrating on the R·OH (R=Kr, Ar, Ne) complexes. Indeed, since Goodman and Brus 1 first observed Ar·OH and Ar·OD in rare-gas matrices in 1977, the interest in these particular species by both experimentalists and theorists has grown in an effort to fully understand these complexes [2] [3] [4] [5] [6] [7] . Our group has contributed to this pool of knowledge by analyzing the high resolution spectra of the Ne and Ar hydroxyl species 8, 9, 4 . Recently we have also taken the high resolution spectra of Kr·OH/D and will present a full rotational analysis in a future publication 5 .
While the interest in the R·hydroxyl complexes has generated a fairly large database for these species, the attention given to the R·SH counterparts was much less and hence there is not a great deal known about these species. Yang and co-workers 10 published the first report of the R·SH species, with a vibrationally resolved spectrum of Ar·SH. In the proceeding paper we report the vibronic analysis of the R·SH (R= Kr, Ar, Ne) family of vdW complexes 6 , which includes the assignment of over 60 different vibronic bands.
In this paper we present the high resolution, rotationally resolved, laser induced fluorescence (LIF) spectra of a large number of vibrational bands of the A 2 Σ + − X 2 Π electronic transition of the R·SH family of vdW complexes along with their deuterated analogs. With a resolution of ∼250MHz we are able to not only observe rotational structure but, fine and hyperfine components, as well as some parity structure. The large data set available for the hydroxyl complexes obviously allows some detailed comparisons with the R·SH complexes giving us a better insight into the electronic structure and bonding within both the OH and SH species.
In a separate publication we have utilized the data from the present high resolution work, combined it with the vibrational data and have developed empirical potential energy surfaces 7 for the excited A state of the Ar and Kr complexes. These potentials will allow a direct comparison with the OH complexes. The potential energy surfaces also give us information about the dynamics of these complexes, such as the dramatic cage effect of the rare gas atom on the predissociation of SH. lines would cause considerable interference to the weaker R·SH/D bands hampering rotational assignments and overall fits of the spectra. To reduce interference from S 2 lines, an additional gas line was added to the gas mixing system to allow pure helium to be added to dilute the amount of H/D 2 S to a suitable level for the experiment. downstream from the nozzle opening.
The total fluorescence was collected, with a 1 inch f1 lens, from the probe laser region and imaged onto a slit in front of a photomultiplier tube (PMT) (Hammamatsu 9659QB). The slits allow us to only image the central part of the expansion, thereby reducing the Doppler width. The LIF signal was sent through a pre-amplifier and into a Stanford Research Boxcar averager. The averaged output was sent to a computer which controlled scanning of the ring dye laser and data acquisition.
III. THEORY
The detailed rotational analysis of the R·SH complex presents an interesting challenge.
We are dealing with six distinct electronic states, the X and A states of Ne·SH, Ar·SH, and Kr·SH (not to mention the SD isotopomers). All of these states and species are characterized by relatively "floppy" motion of the moieties with respect to one another. However, this floppiness is qualitatively different for different states and species. By analogy to the R·OH species, and ultimately a posteriori by our analysis, we qualitatively describe the ground states of all the R·SH species, as well as the A excited state of Ne·SH, as slightly hindered rotors. Thus we expect to see a low-frequency stretching vibration between R and SH and moderately perturbed rotor levels corresponding to the angular motion of the diatomic entity with respect to the rare gas. Qualitatively the A states of Ar·SH and Kr·SH are better described as semi-rigid benders (and stretchers) since the position of their low frequency levels bear little relationship to those expected from free rotation of the diatomic. This modification in structure of the heavier complexes arises from the incipient chemical bonding present in these molecules.
A less fundamental, but practically more urgent, complication to the rotational structure arises from the existence of two types of vibronic bands to the A electronic states of all the species. These bands are conveniently (and historically) called A bands and U bands.
Qualitatively the A bands appear to arise from a simple, diatomic species, while the structure of the U bands is more complex. The U bands are shown to ultimately correlate to transitions to levels of Π vibronic character (requiring excitation of internal bending motion) in the A 2 Σ + state, while the A bands terminate on Σ levels of the A state. In the Π vibronic levels there is a more complex and larger spin-rotation interaction than in the Σ levels. This change in the spin-rotation coupling as well as the Π vibronic character of the terminal level causes the U bands to be fundamentally different in appearance from the A bands. These two different types of excited state vibronic bands can be described by different coupling of angular momenta. These cases have been described previously 9,11 as case (b) βS , for coupling applicable to the A bands, and case (b) βJ , for coupling applicable to the U bands. The ground state for all the R·SH species are best described by Hund's case (a) β . These different cases are depicted schematically in Fig. 1 , similar to those shown in refs. 4 and 11.
There have been several treatments of the rotational structure of the R·OH complexes in the literature and we base our treatment of the R·SH complexes on these works. In particular we choose the work of Chang, et al. 8, 9, 4, 11 as the basis for our treatment. The advantage of this particular approach is that it allows the development of effective rotational and fine-structure Hamiltonians for each of the states and species from a general model. 
where r and R, respectively, denote the rotational angular momenta of the SH or SD monomer and of the complex, while l and s denote the electronic orbital and spin angular momenta. Exclusive of nuclear spin, J and j represent the total angular momenta of the complex and the SH/D moiety respectively. The parameters b and B denote the rotational constants of the monomer and the complex, respectively. H sr and H hf , respectively, describe the spin-rotation and hyperfine structures.
Whether the rotor levels implied by the br 2 term of H mon , will be recognizable in the complex will be determined by their mixing caused by the term V inter . In general, only for the A states of Ar·SH and Kr·SH is this mixing sufficiently strong so that correlation to the monomer rotor levels becomes an unrewarding operation. In a similar fashion the strength of V inter determines how rapidly the expansion in Eq. (4) converges and therefore whether it is a useful expression of the potential. The rotational constant is defined as B =
where µ is the reduced mass of the moieties.
A. X States
The ground state of all the complexes correlates asymptomatically to R(
and thus we designate it as X 2 Π 3/2 . Because of the weak bonding in the X states of the R·SH complexes, we expect the monomer quantum numbers, j and ω, the projection of j along the SH axis, to remain meaningful. Under the above assumptions we can produce an effective
Hamiltonian for the X 2 Π 3/2 state by treating it in the case(a) limit. (In our experiments the upper 2 Π 1/2 fine-structure component is unobserved due to lack of population in the cold jet.) From Fig. 1 we note that r = j − l − s and R = J − j (uppercase and lowercase letters denote angular momenta of the complex and monomer respectively) and use the case (a) β basis set to write the effective Hamiltonian, H e X , as The hyperfine structure for R·SH is accounted for by the last term of Eq. (5). The parameter h ω is an effective hyperfine parameter and can be related to the corresponding hyperfine parameters in SH by rotational matrices as previously formulated 8 .
B. A States
The A states are considerably more diverse than the X states. Ne·SH in its A state can still be usefully viewed as a hindered SH rotor, while the same cannot be said for Ar·SH and Kr·SH. Likewise the existence of A (Σ) and U(Π) terminal vibronic levels complicates the issue. Nonetheless, a somewhat unified treatment of the A state levels is possible.
Rotational Structure
Since the A 2 Σ + states of R·SH/D correlate with R( The energy difference between the e and the f components for a given N level is thus defined to be q K N(N + 1).
Spin-rotation Structure
The last two terms in H e A require more explanation. The first of these terms is H e sr and is of considerable interest because it is substantially different for the A and U bands. The spin-rotation Hamiltonian for a polyatomic molecule is written as
where αβ denotes a component of the spin-rotation tensor. It is well-known that the αβ 's have both first-and second-order contributions with the latter usually being strongly dominant. Since, in the free-rotor limit R is replaced by (N − n) in case (b), one can divide the general spin-rotation Hamiltonian into two parts:
Clearly the first part of Eq. (8) corresponds to the N dependent spin-rotation structure.
For a given n level the diagonal part of the second term of H sr is proportional to l z (= n z ), which vanishes for the SH 2 Σ + state.
The first part H sr is the N-dependent part of the interaction. Whether the complex is close to the free rotor or the semi-rigid bender limit, we can write an effective H e sr as
The parameters κ and γ correspond to the spin-rotation parameters in a symmetrictop molecule. In relation to the spin-rotation tensor components, γ = ( xx + yy )/2, η k = ( yy − xx )/2, and κ = zz − γ. Clearly, for the levels with K = 0 (Σ-type vibronic levels) the effective spin-rotation parameter µ can be reduced to a single diatomlike parameter γ, which is consistent with the model in our previous paper. In contrast, both κ and γ will be needed for a description of the spin-rotation interaction in the levels with K = 0. The parameter η K denotes the correction that is due to molecular asymmetry. Because of the smallness of η K it is unobserved in our spectra and we henceforth neglect it. The remaining two parameters, γ and κ, will be used to analyze all our spectra; however it should be cautioned that their physical significance differs greatly depending upon whether the molecule is closer to the free rotor or semi-rigid bender limit.
Hyperfine Structure
For the excited A 2 Σ + state of the R·SH complexes there is no electronic orbital angular momentum. Thus we write
where the hyperfine parameters b and c are given as
and c = 3g
The 
Neglecting the smaller c term of the hyperfine interaction we can write the eigenvalues for the Fermic contact interaction in the A state as
In the above approximation the hyperfine splitting will be equal to b η and independent of the rotational quantum number.
The parameter b η has been determined by Ubachs et al. 14 to be 898.5(1.0) MHz for the bare SH diatom. A change in this value, upon the addition of a rare gas atom, will be an indication of the amount of interaction of that atom with electronic cloud of the H atom. Fig. 1 .
IV. RESULTS
We summarize our experimental observations in a series of spectral traces illustrating each R·SH/D complex, various isotopomers, and different types of rotational structure.
Each of these traces correspond to the electronic transition, 
(0,0 0 ,0) transition of Kr·SH. Indicated in the plot are the locations of the P-branches for the different isotopic species ( 86 Kr, 84 Kr, 82 Kr) which have respectively natural abundances of (17.3%, 57.0%, 11.6%). While the 83 Kr isotope also has a fairly high natural abundance (11.5%), it has a non-zero nuclear spin (I= Clearly the rotational structure of these two bands is quite different and illustrative of how we are able to assign the type of vibration from the different rotational signatures. Fig. 7 displays the experimental and simulated plots of the A (0, 0 0 , 2)− X (0, 0 0 , 0) band of Ar·SH.
In Fig. 8 we show the experimental and simulated plots of the A (0, 0 0 , 4)− X (0, 0 0 , 0) band of the deuterated species. Fig. 9 shows the high resolution rotationally resolved structure of the The analysis of the rotational structure of the various vibrational bands of the R·SH species actually serves more than one purpose. A non-traditional result of the analysis is to greatly aid in vibrational quantum number assignment. The results of the vibrational assignments are summarized in a preceding paper; however, it is worthwhile pointing out the principles here. The vibrational assignments in Ar·SH and Kr·SH were based on the isotopic shift of band origins between 32 S -34 S (see Fig. 5 )and 84 Kr -86 Kr (see Fig. 2 )respectively.
To achieve unique vibrational assignments, precise values of the isotopic shifts are required.
This precision can only be achieved by a complete analysis of the rotational structure, taken at high resolution.Finally, the detailed rotational analyses provided unequivocal distinction between Σ and Π vibronic states.
B. Molecular Parameters
Typically the primary results to come out of a rotational analysis are molecular parameters characterizing the molecules and states involved. Tables 1 -6 list the information of this nature that was obtained in these analyses, as well as the standard deviation (σ) of each fit. With the above caveats, it is enlightening to consider several interesting trends in the bond lengths. These are best illustrated in table 8, which gives the distance between the H/D and the inert gas in the linear approximation. This comparison eliminates changes in center of mass, bond length, etc. of the diatomic moiety. The first trend of interest is the surprising fact that for the A state when one goes from the lightest to the heaviest inert gas, the bond length actually decreases! This clearly demonstrates the strong bonding in the heavier inert gas complexes, so strong in fact that it more than compensates for the increasing vdW radius of the inert gas.
A second useful comparison is between the SH and OH complexes. the value is very small, the spectra are warm enough that we see j-levels up to 12 or 13 which allows us to observe this splitting. This splitting was not observed in Ar·OH 11 because the rotational temperature was colder and they did not observe high j-levels.
b. Spin-rotation coupling
In the heavier inert gas (Ar and Kr) complexes the spinrotation coupling parameter γ is relatively easy to understand. The anisotropic potential "locks" the axis of the complex and the SH axis; thus the electronic spin experiences a coupling to rotation very similar to that in isolated SH, except that now the complex is rotating much more slowly than SH itself.
One can approximate the effect of slowing the rotation by multiplying the value of γ in SH by the ratio of the rotational constant of the complex to that of SH, i.e., we would not expect to resolve the hyperfine splitting. This is evident in the two spectra of the Ne complexes. Fig. 9 of Ne·SH clearly shows the splitting of each rotational line. Fig.   10 , of the deuterated complex, shows that there is no evident splitting due to the Fermi contact interaction.
X State Values
Since only the vibrationless level, (0,0 0 ,0) of the ground state is populated in the jet, all the observed spectral transitions originate from that level. For this reason, the information available about the ground state from the present experiment is limited to the rotational constant, B 0 , and P -doubling parameter, η, values for that level. These values are given in tables 1 -6.
The most significant parameter determined for ground state R·SH is clearly the rotational constant and the usual way of interpreting rotational constants is via the bond lengths derived therefrom. Table 8 clearly shows some interesting results. First there is a small increase in the R-H bond length as one increases the mass and van der Waals radii of the inert gas. This is in contrast to the results shown in table 8 for the excited state where the R-H distance actually decreased with heavier rare gas. This was explained in terms of the "incipient chemical bonding" in the A states. In the X state we see a similar but less pronounced phenomenon indicating that now the increase in even the weak X state bond nearly cancels the increased size of the inert gas atom.
Also interesting is the change in R H/D upon deuteration. In the A state we saw a clear increase (positive ∆(H − D)) in R H compared to R D , which was explained by the larger zero-point bending vibration in R·SH and R·OH, sampling the more repulsive parts of the potential surface away from the minimum energy, linear configuration.
In contrast we see that in the X state four of the six species in table 8 involving L-uncoupling to other electronic states, can be estimated to be much smaller than ∆B SO , which is comparable to or less than the experimental error, and essentially isotope independent and so is neglected.
The final term, ∆B jJ , involves the coupling between the rotational angular momentum j of SH/D and the overall rotation , J, of the complex. This term is by far the least studied and unfortunately the largest. If we approximate ∆B jJ by perturbation theory we can write 4 for the j = P = 3/2 state,
If j were a perfectly good quantum number C 3/2,j = δ j ,3/2 and ∆E 3/2,j is the separation of the j = 3/2, P = 3/2 and 1/2 components. This separation has not been directly measured in any of the complexes, but based upon model potentials 17 for the X state can be estimated to be of the order of 1-20 cm −1 for all the complexes. This value has been determined for Ar·OH, by an SEP experiment 18 , to be about 10 cm −1 . As the ground states of all the R·XH/D are fairly similar we feel that this is a reasonable estimate for the separation between the two P levels. repulsion for closest approach with the larger inert gas. Similarly for a given inert gas, the effect is always larger for the OH species which always has a shorter bond length than the comparable SH species.
The only parameter besides B determined for the X state is the P-doubling parameter, η, and the data for it is less than complete. e The value of γ could not be determined independently and was therefore fixed at the average value of all the pure stretch levels. 
